Direct detection of and LHC search for the singlet fermion dark matter (SFDM) model with Higgs portal interaction are considered in a renormalizable model where the full Standard Model (SM) gauge symmetry is imposed by introducing a singlet scalar messenger. In this model, direct detection is described by an effective operator mqqqχχ as usual, but the full amplitude for monojet + ET involves two intermediate scalar propagators, which cannot be seen within the effective field theory (EFT) or in the simplified model without the full SM gauge symmetry. We derive the collider bounds from the ATLAS monojet + ET as well as the CMS tt + ET data, finding out that the bounds and the interpretation of the results are completely different from those obtained within the EFT or simplified models. It is pointed out that it is important to respect unitarity, renormalizability and local gauge invariance of the SM.
1. Introduction: Dark matter effective field theory (DM EFT) has been widely used for analyzing the data from DM (in)direct detections, thermal relic density and collider searches for mono X + E T (with X = g, γ, W, Z etc.) [1] , based on crossing symmetry which is an exact symmetry of quantum field theory. Then very soon some limitation of DM EFT has been realized, and simplified DM models were introduced where mediators between the SM particles and DM are included explicitly [2, 3] .
In this letter, we point out that it is crucial to impose the full SM gauge symmetry, renormalizability and unitarity (including gauge anomaly cancellation) of the underlying DM models in order to study collider signatures of DM and demonstrate why the usual complementarity arguments break down for DM EFT or simplified DM models without the full SM gauge symmetry. Importance of the full SM gauge invariance in the context of ud → W + + E T was recently pointed out in Ref. [4] . In this paper we consider the→ χχ which does not involve a massive weak gauge boson, and show that the full SM gauge symmetry is still important.
As an explicit example, we will consider a singlet fermion DM model with Higgs portal interaction [5, 6 ], but we note that the arguments in this paper also work for vector DM with Higgs portal [7] [8] [9] [10] . Then we repeat the analysis on the ATLAS monojet + E T signature [11] and the CMS tt + E T [12] signatures and derive the bounds on the new physics scales, which are completely different from those obtained by ATLAS and CMS Collaborations [24] .
Let us consider a scalar × scalar operator describing the direct detection of DM on nucleon, assuming the DM is a Dirac fermion χ with some conserved quantum number stabilizing χ:
Assuming the complementarity among direct detection, collider search and indirect detection (or thermal relic density), the bound on the scale Λ, (or M * ) of above operators has been studied extensively in literature [1] . However, the first operator in Eq. (1) does not respect the full SM gauge symmetry and thus it may be not suitable for studying phenomenology at high energy scale (say, at electroweak scale). Note that the SM quark bilinear part in the above operators can be written into
T . Thus one can write down the SM gauge symmetry invariant effective operator as a dimension 7 operator form;
so that the second operator in Eq. (1) is from the above equation when the Standard Model H gets the VEV. Instead of above effective operator, one can also write down dimension 5 operator;
since the singlet fermion χ cannot have renormalizable couplings to the SM Higgs boson. The interaction between quarks and dark matters is mediated by a Standard Molde Higgs in this case. The simplest way to write down a renormalizable operator that is invariant under the full SM gauge group is to introduce a real singlet scalar field S [5, 9] and induce an operator sχχ × hqq → 2 out the real scalar s. However there is always a mixing between the SM Higgs h and the real singlet scalar s, which results in two physical neutral scalars H 1 and H 2 with the mixing angle α. Therefore one should take into account the exchange of both H 1 and H 2 for DM direct detection scattering [5] . Note that there is a generic cancellation between two contributions from two neutral scalars, which cannot be seen within EFT approach [5, 9] .
2. Renormalizable Model with the full SM gauge symmetry:
The s-channel UV completion of the singlet fermion DM with Higgs portal has been constructed in Ref. [5] :
We note that the model defined by Eq. (4) is one possible UV completion of the singlet fermion DM with effective interaction Eq. (1) [25] .
Expanding both fields around their VEVs ( H 0 = v H , S = v s ), we can derive the Lagrangian in terms of h and s. After diagonalization of the mass matrix, DM χ couples with both H 1 and H 2 .
The interaction Lagrangian of H 1 and H 2 with the SM fields and DM χ is given by
following the convention of Ref. [5] . We identify the observed 125 GeV scalar boson as H 1 . The mixing between h and s leads to the universal suppression of the Higgs signal strengths at the LHC, independent of production and decay channels [5] . Let us start with the DM-nucleon scattering amplitude at parton level, χ(p) + q(k) → χ(p ) + q(k ), the parton level amplitude of which is given by
where t ≡ (p − p) 2 is the square of the 4-momentum transfer to the nucleon, and we took the limit t → 0 in the second line, which is a good approximation to the DM-nucleon scattering. The scale of the dim-7 effective operator, mχχ, describing the direct detection cross section for the DM-nucleon scattering is defined in terms of Λ dd :
whereΛ dd is derived from Λ dd in the limit m H2 m H1 . It is important to notice that the amplitude (6) was derived from renormalizable and unitary Lagrangian with the full SM gauge symmetry, and thus can be a good starting point for addressing the issue of validity of complementarity.
The amplitude for the monojet with missing transverse energy( / E T ) signature at hadron colliders is connected to the amplitude (6) by crossing symmetry s ↔ t. Comparing with the corresponding amplitude from the EFT approach, we have to include the following form factor:
χχ is the square of the invariant mass of the DM pair. Note thatŝ ≥ 4m 2 χ in the physical region for DM pair creation, and that there is no single constant scale Λ col for an effective operator that characterizes the→ χχ, sinceŝ varies in the range of 4m 2 χ ≤ŝ ≤ s with √ s being the center-of-mass (CM) energy of the collider. Also note that we have to include two scalar propagators with opposite sign in order to respect the full SM gauge symmetry and renormalizability. This is in sharp contrast with other previous studies where only a single propagator is introduced to replace 1/Λ 2 . The two propagators interfere destructively for very highŝ or small t (direct detection), but for m ŝ, we can ignore the 2nd propagator. But at hadron colliders,ŝ is not fixed, except for the kinematic condition 4m 2 χ ≤ŝ ≤ s (with s = 14TeV for example at the LHC@14TeV). Therefore we cannot say clearly when we can ignoreŝ compared with m 2 H2 at hadron colliders, unless m 2 H2 > s (notŝ). 3. Collider Studies: There are two important factors in the search for new physics at colliders: a total cross section and the shape of differential cross sections with respect to various analysis "cut" variables. A mixing angle α between two scalars is related only to a total cross section, not to the shape of differential cross section. The shape of differential cross sections and efficiencies from various analysis cuts are related to the nontrivial propagators coming from two mediators (H 1 , H 2 ). Thus we can single out the effect of a mixing angle from collider analyses when we try to understand whether we can recast results of various analyses based on the effective operator and a simplified model to our model here, the Higgs portal case through the following set up: In the S.M. and H.M. cases, we can regard α as a suppression factor in interactions while in the H.P. case, it is a mixing angle between h and s. Note that the SM gauge symmetry is not fully respected within EFT, S.M. and H.M. cases. The kinematics of a signature, i.e., P T of an initial state radiation (ISR) jet and the size of / E T , depend on the scale of a hard interaction, which is proportional to the invariant mass of a dark matter pair, M χχ . With following LHC studies, we show that there are relations among EFT, S.M., H.M., and H.P:
H.M. = EFT .
In H.P., the limit m 2 H2
ŝ can be achieved, for example, by taking v S (the VEV of S in Eq. (4)) large while keeping dimensionless couplings perturbative. The mixing angle in this case is approximated to [6] tan 2α 2v
The perturbativity of effective couplings obtained after integrating out the heavy scalar particle (H 2 ) requires µ HS + λ HS v S m H2 , constraining the mixing angle to be upper-bounded as
Hence, as H 2 becomes heavier, impacts of H.P. at collider experiments becomes more elusive. In any case, for m 2 H2
ŝ, the effect of the heavy scalar propagator can be ignored in relevant diagrams for collider searches. Then, it is clear that H.P. reduces to H.M. with the angle α given by Eq. (14) , and this is what Eq. (11) means. On the other hand, it should be clear that, S.M. is reduced to EFT for m 2 S ŝ, as stated in Eq. (12), since there is only one scalar mediator which can be very heavy in S.M. [26] . Also, it should be clear that, since the mass of SM-like Higgs is fixed, H.M. cannot be reduced to EFT for m 2 h ŝ, as stated in Eq. (13) . Thus, an effective operator approach cannot capture the feature of an actual dark matter model, as shown here in the context of the Higgs portal singlet fermion DM as an example. We illustrate our point with the AT-LAS monojet and the CMS tt + / E T searches [11, 12] .
[GeV] We simulate LHC 8TeV events with Madgraph, Pythia 6 and Delphes simulations [14] [15] [16] . For the ATLAS monojet search, we use MLM-scheme [17] to match one jet with a matching scale around
For a width of a scalar mediator, we take Γ S = m S /(8π) [11] .
3.1 Monojet + E T signatures: We adopt the selection cuts in ATLAS monojet search [11] . Depending on / E T , ATLAS has 9 signal regions, from / E T > 150 GeV to / E T > 700 GeV. The hardness of ISR is proportional to the energy scale of a dark matter pair M χχ , which is depending on propagator(s) of mediators. To illustrate this feature more clearly, we show distributions of M χχ and P T of a leading jet in Fig. 1 with study points of (m S , m H2 ) ∈ {100 GeV , 5 TeV} when a dark matter mass is 50 GeV and (m S , m H2 ) ∈ {1 TeV , 5 TeV} for m χ = 400 GeV. We selected events with no isolated leptons and at least with hard jet of P T > 30 GeV at the detector level. If the poles of propagators (the mass of a mediator) are within the reach of M χχ , the kinematics are fixed at the mass scale of mediators. For an example, when m χ = 50 GeV, kinematics are localized at the mass of Higgs in the H.M. and H.P. cases. In the S.M. case with m S = 100 GeV, due to the finite size of Γ S , M χχ distribution becomes wide compared to H.M. and H.P. cases. Thus ISR in S.M. case become slightly larger compared to H.M. and H.P. cases so that the efficiency of analyses becomes larger correspondingly. When a mediator mass m S = 5 TeV in S.M. case, the pole in a mediator's propagator is far away at √ s = 8 TeV so that the kinematics become similar to the EFT case where there is no pole structure [11] . Similarly, when m χ = 400 GeV, In H.P. with m H2 = 1 TeV, the propagator from the Higgs does not contribute to the kinematics since it is located below to the threshold of dark matter pair production. Thus kinematics is same as S.M. with m S = 1 TeV. But when m H2 is large enough compared to the threshold of dark matter pair production (m H2 ∼ 5 TeV), the major effect of propagators is from the Higgs propagator. This feature also appears in the H.M. case.
It is evident that for m χ = 50 GeV, the EFT and the S. Final search results will also depend on the production cross section which depends on propagators of mediators. In Fig. 2 , we illustrate the cross sections rescaled by the dimensionless factor (2/λ S sin 2α) 2 and the efficiency SR7 in the signal region SR7 ( / E T > 500 GeV) at ATLAS [11] . The rescaled cross sections are apparently independent of the mixing angle α. The figure clearly shows that the Higgs portal model cannot be described by either the EFT or the S.M at all. Also in the limit that m H2 (m S ) is much larger than the typical scale in the process, the S.M approaches the EFT, whereas the H.P. does the H.M., respectively.
•
▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ 3.2 tt + E T signatures: A (effective) scalar operator in Eq. (1) from the Higgs portal case is proportional to the mass of quarks. Thus dark matter creations with top quark pair will have better sensitivities compared to the usual monojet search [18, 19] . Following the analysis of CMS tt + / E T search [12] , we find similar features in the monojet search in the previous section. The detail of this analysis will be presented in the future publication [20] , but we will show the resulting bound on M * in Fig. 3 (the lower pannel) in the following subsection.
3.3 Relation between a mediator and an effective operator approach: By direct comparison between scattering matrix elements from an effective operator and from a simple scalar mediator, we can have a similar relation to Eq. (9)
With this relation, the ATLAS collaboration showed that the validity of the effective operator when m S > 5 TeV [11] . However as shown in Eq. (12) , this validity holds only for the S.M which does not respect the full SM gauge symmetry, while the H.P. with the full SM gauge symmetry does not approach the EFT result.
▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ 
▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ In Fig. 3 , we show that the experimental 90% C.L. limits on the suppression scale M * as a function of a mediator mass m H2 (m S in the S.M. case) at the LHC by using the results in the monojet+ / E T search (upper) at ATLAS [11] and in the tt + / E T search (lower) at CMS [12] . For the translation from the limit on the mass of a mediator in a specific model to a limit on the M * in the effective operator, we use a direct comparison between parameters in a model and an suppression scale M * in the limit where a collision energy becomes negligible compared to the mediator's mass. For S.M. case we use the following relation
so that a limit on M * can be obtained through a translation
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For a H.P. case, we use
to take care of a finite but nonzero term from the light mediator (H 1 ) in the limit of a heavy H 2 . The bound on M * will be from
where L is the beam luminosity, is the total efficiency including the signal acceptance and N obs is the upper limit for the number of signal events reported by the LHC experimental collaborations. With above translation procedure, the mixing angle α dependency of the exclusion limit for H.P. from Eq. (15) does not appear in the translated exclusion limit on M * through a cancelation by Λ dd . It is apparent that as the mediator mass m H2 becomes large, LHC analyses on H.P. becomes similar to H.M. as in Eq. (11) . This feature clearly shows that the Higgs portal model cannot be described by contact interaction even in the limit that the mass of the extra scalar boson become large enough. The main reason is that even in that case, there exists the SM Higgs boson exchange arising from the mixing between two scalar bosons, which cannot be described by contact interaction at the LHC. It is also worthwhile to mention that as the m H2 (= m S ) in the S.M. becomes heavy enough, the bound in the S.M. approaches that in the EFT approach.
Finally, we would like to note that the arguments in this paper are not to be applied directly to other UV completions. However, we emphasize that if the origin of the quark mass in Eq. (1) is the electroweak symmetry breaking, and the corresponding interaction of DM with a Higgs boson must also be taken into account in the energy scale of the LHC.
Conclusion:
In this letter, we discussed the DM search at LHC within a renormalizable theory for singlet Dirac fermion DM with Higgs portal and the full SM gauge symmetry, and demonstrated how and why the EFT approach or DM simplified models without the full SM gauge symmetry can break down for collider searches, and why the complementarity based on crossing symmetry of quantum field theory can be misleading. We also reanalyzed the ATLAS monojet data and the CMS tt + E T and derived new bounds on the new physics scale M * , which are completely different from the bounds presented by ATLAS and CMS Collaboration [27] . The origin of this difference is the full SM gauge symmetry imposed on the UV completions, which is very important for DM model building and phenomenology therein [28] .
NOTE ADDED
Preliminary results of this paper have been reported at a number of workshops [22] by one of the authors (PK), emphasizing the roles of SM gauge symmetry and the form factor with two scalar propagators, Eq. (10). While we are finishing this paper, there appeared a paper where these points were discussed to some extent [23] .
